In the present study we provided a morphological and transcriptomic comparison of adult porcine adiposederived stem cells (ADSC) and bone marrow-derived stem cells (BMSC) as they differentiated in vitro towards the osteogenic and adipogenic lineages for up to 4 weeks. The long term goal of this comparison is to assess the possibility of using ADSC as a potential alternative to BMSC as a source of autologous adult stem cells in human therapies. Our data indicated that ADSC can differentiate into osteocytes and adipocytes similar to BMSC but with some differences. During the osteogenic differentiation both cell types went through morphological changes; however, while ADSC formed predominately osteogenic islands (nodules) in the culture dish, BMSC formed a continuous osteogenic sheet of small nodules. Transcriptomic analysis revealed that both cell types responded to the osteogenic induction. However, BGLAP mRNA expression did not increase in ADSC suggesting, together with the percentage area stained observed for Alizarin Red and von Kossa in ADSC, a lesser mineralization of bone matrix in this cell type compared to BMSC. During the adipogenic induction ADSC as well as BMSC were able to achieve the morphological and transcriptome changes characteristic of the adipogenic lineage. After 7 days of differentiation the expression patterns of DGAT2 and ADFP became greater in ADSC versus BMSC, which agreed with the larger lipid droplets formation observed in the ADSC by Oil Red O staining. Our findings represent an important step towards the assessment of using ADSC as an alternative to BMSC in therapeutic applications.
INTRODUCTION
Degenerative diseases like osteoporosis and arthritis, as well as traumatic injuries, including non-union fractures and tumor resections, pose significant challenges for health care professionals. Therapeutic use of mesenchymal stem cells (MSC) is one potential solution, which has already been employed in clinical trials, including the treatment of human myocardial infarction, osteogenesis imperfecta, and graft versus host disease [1] [2] [3] . Mesenchymal stem cells can differentiate into a wide variety of cell types including osteoblasts [4] , adipocytes [5] , myoblasts [6] , chondrocytes [7] , and neurons [8] . Mesenchymal stem cells also display several anti-inflammatory properties, presenting the possibility for allogenic transplantation [9] . Therefore, this cell population might have immense potential for a diverse range of clinical applications.
Historically, MSC were first isolated from the bone marrow (BMSC) [10] . Although bone marrow is the current gold standard tissue source for therapy, stem cells capable of differentiating into mesenchymal lineages and even into the neurogenic phenotypes, also have been isolated from adipose tissue (ADSC) [11, 12] . Adipose has several advantages as a tissue source, including a higher stem cells concentration compared to bone marrow [13] , easy accessibility, and abundance [11, 12] . In fact, adipose tissue is distributed in large amount throughout the body and it is readily available due to procedures such as liposuction and lipectomy. The clinical value of bone marrow for treating diseases such as leukemia already makes it a valuable tissue [14] . Worldwide, an estimated one million liposuctions are performed annually [15] , generating anywhere from 100 mL to > 3 L of lipoaspirate tissue [16] which is usually discarded. These factors make ADSC a viable potential alternative to BMSC for clinical therapy. Moreover, the possibility of using ADSC, as an alternative to BMSC for clinical therapy in humans, would relieve the patients from a very painful surgery such as the bone marrow aspiration, which can result in high donor site morbidity including discomfort at the harvest site, fatigue, and pain in the pelvic bones [17] .
However, before this cell source substitution can be applied in human clinical settings, the morphological and functional properties of stem cells, derived from adipose tissue and bone marrow, and their differentiated progeny must be compared. The use of an animal model, such as swine, that adequately simulates the structure and physiology of humans, provides a readily available source of mesenchymal stem cells for research, and allows for improvements in therapeutic protocols [18] [19] [20] . Pigs have been used as a large animal model for studying human clinical therapies as diverse as heart surgery [18] , genetic disorders [21] , and drug testing [22] . In addition, pigs have ample subcutaneous fat which is similar to that in humans.
The purpose of the present study was to characterize and directly compare, by histological staining and real time RT-PCR analysis, the temporal in vitro differentiation of porcine ADSC and BMSC towards the osteogenic and adipogenic lineages. The basic characteristics of these cell populations are determined to aid in the comparison with human ADSC and BMSC under similar conditions.
MATERIALS AND METHODOLOGY

ADSC Isolation and Culture In Vitro
Subcutaneous back fat and bone marrow were acquired from 3 castrated Yorkshire crossbred male pigs, at approximately 6 months of age, under protocols approved by the University of Illinois Institutional Animal Care and Use Committee (IACUC). Pigs were euthanized at the University of Illinois Meat Science Laboratory abattoir. The skin overlying the loin area was shaved to remove the hair and scrubbed three times using Betadine ® solution (Povidoneiodine, 10% -Purdue Products L.P., Cranbury, NJ), and three times with 70% ethanol (Aaper Alcohol and Chemical Co. Shelbyville, KY) to avoid contamination of the sample. A square of subcutaneous back fat (~ 100 cm 2 ) was then excised from the sanitized area from each pig, placed in a sterile plastic bag, transported to the laboratory on ice and placed at 4ºC until cell harvest (< 1 hr). The subcutaneous fat was dissected from the skin with a sterile scalpel. All the surfaces of the fat, that were originally exposed at tissue harvest, were also trimmed off with a sterile scalpel blade so the only sterile fat was processed for cell isolation. Strips of sterile fat were washed twice in Dulbecco's Phosphate Buffer Saline (DPBS, Sigma Aldrich D5773, St. Louis, MO) containing 1% Penicillin G-Streptomycin (Sigma P3539) and 5.0 mg/L of Amphotericin B (Sigma A9528). After washing, tissue was minced with scalpel blades and then digested with 0.075% collagenase type I-A (Sigma C2674) in DPBS, in a 50 mL conical tube (Corning, NY) (v/v -tissue/collagenase), in the incubator at 37°C for 90 min. The conical tubes, containing fat and collagenase, were vigorously shaken every 10 to 15 min to ensure a uniform digestion. After digestion, tubes were centrifuged at 200 g for 10 min at room temperature. The buoyant cell fraction and supernatant were discarded and 2 mL of red blood cell lysis buffer (Sigma R7757) was added to the pellet and gently mixed for 2 min. Subsequently, 20 mL of DPBS were added to the tubes and were centrifuged at 200 g for 5 min at room temperature, to obtain a cell pellet that was then re-suspended in culture medium. The culture medium used was high glucose Dulbecco's Modified Eagle's Medium (DMEM, Sigma D5648), supplemented with 10% Fetal Bovine Serum (FBS, BenchMark™, Gemini Bio -Products, West Sacramento, CA), plus 1% Penicillin G-Streptomycin and 5.0 mg/L of Amphotericin B. Cells were counted using an hemocytometer, plated in 75 cm 2 Corning cell culture flasks at 7.5 10 5 cells in 15 mL of culture medium, and incubated at 39°C and 5% CO 2 in 100% humidified air. Medium was changed every other day until the initial cell culture passage. Passage 0 cells reached confluence at approximately day 10 of culture. In order to keep the cells at a sufficiently low density to stimulate further growth, the initial cell cultures were washed using DPBS and harvested by digestion with 0.25% Trypsin (Sigma T4799) -0.04% EDTA (Sigma E6753) for 3 min. Trypsin was then inactivated by adding an equivalent volume of culture medium and the cells were centrifuged at 200 g for 5 min at room temperature. Cells were resuspended in culture medium for plating in 75 cm 2 cell culture flasks at a density of approximately 7.5 10 5 cells/75 cm 2 . These passage 1 cells were 80% confluent after 4 days. Cells were trypsinized, as described above, and frozen at 3 10 6 cells per 1.2 mL in cryogenic vials (Nalgene ® Labware, Rochester, NY). Freezing medium consisted of 75% DMEM supplemented with 15% FBS and 10% dimethyl sulfoxide (DMSO, Sigma D2650). Vials were placed in Nalgene Cryo 1ºC Freezing containers (Nalgene ® Labware) and placed in a -80ºC freezer. On the following day, cells were transferred to liquid nitrogen and stored until further use.
BMSC Isolation and Culture In Vitro
Intact femurs were removed, at slaughter, from the same 3 barrows used to harvest ADSC. Femurs were placed in sterile plastic bags, transported to the laboratory and placed at 4ºC until cell harvest (< 1 hr). In the laboratory, the remaining soft tissue around the femur was removed using a scalpel blade. The bone was rinsed with 20% bleach followed by deionized water and dried before being cut. The femur was secured in a vise and cut with a sterile hand saw at the epiphyses on one end only. This was done using sterile instruments to ensure that marrow remained sterile. Bone marrow was extracted under a laminar flow hood. Marrow was scooped out of the bone using a sterile spatula, and placed into a sterile glass dish containing DPBS with 1% Penicillin G-Streptomycin and 5.0 mg/L of Amphotericin B. Tissue was minced using a scalpel blade and placed into a 50 mL Corning conical tube and digested as described for ADSC. All the following steps, up to freezing of the cells, were the same as described for the ADSC, except for the concentration of the cells at plating that in this case was 1.6 10 6 cells in 15 mL culture medium.
Colony Forming Unit Assay
For determination of colony forming units (CFU), ADSC and BMSC were harvested from porcine bone marrow and subcutaneous adipose tissue as described previously. Harvested ADSC were plated at a density of 25,000 cells/25 cm 2 culture flask, and BMSC were plated at a density of 100,000 cells/25 cm 2 culture flask. After plating the cells were incubated at 39°C and 5% CO 2 for 9 days with media changes occurring every 48 hours. After 9 days of culture, colonies were fixed using formalin for 30 minutes, exposed to hematoxylin staining solution for 30 min, and washed with tap water. ADSC and BMSC colonies were then counted using an inverted microscope (Nikon Diaphot microscope). Cell clusters consisting of at least 20 cells were classified as a CFU colony.
ADSC and BMSC Osteogenic and Adipogenic Differentiation In Vitro
Prior to differentiation studies, frozen ADSC and BMSC were thawed and plated (passage 2) at 7. Cells were cultured in these media for 4 weeks with media changed every 3 days.
Histological Staining for Osteogenic and Adipogenic Differentiation
At differentiation day (dd) 0, 2, 4, 7, 14, 21, and 28 cells were rinsed with DPBS and stained with the osteogenic histological stains Alizarin Red S, Alkaline Phosphatase, and von Kossa, and the adipogenic histological stain Oil Red O. Details on the staining procedure are reported in Suppl. Materials.
RNA Extraction, Quantitative Real-Time RT-PCR (qPCR), Primer Design and Evaluation, and Selection of the Internal Control Genes for qPCR Normalization
At dd 0, 2, 4, 7, 14, 21, and 28 cells were trypsinized as described above and total RNA was immediately isolated using the RNeasy ® Mini Kit (Qiagen Sciences, Germantown, MD) according to the manufacturer's protocol. Any residual genomic DNA was eliminated by treatment with RNase-Free DNase Set ® (Qiagen). RNA concentration was measured with a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, http://www.nanodrop.com). The purity of RNA (A260/A280) was > 1.90. Details for qPCR, primer design, primer evaluation, and selection and evaluation of the internal control genes (ICG) for qPCR normalization are reported in Suppl. Materials.
The qPCR data were normalized using the geometric mean of 3 or 4 internal control genes (GAPDH, GTF2H3, NUBP1, and PPP2CB). The normalized data were transformed in n-fold change relative to dd 0 for each cell type and differentiation. To estimate standard errors at dd 0, and prevent biases in statistical analysis, normalized data were transformed to obtain a perfect average of 0 at dd 0, leaving the proportional difference between the biological replicates.
The same proportional change was calculated at all the other time points, inside the same cell type and differentiation, to obtain a n-fold change relative to dd 0.
Normalized data nontransformed as n-fold change were also used to assess similarity in mRNA abundance of selected genes between the two cell types on dd 0 and during differentiation (dd 2, 4, 7, 14, 21, 28).
To assess percentage mRNA abundance between measured genes in each cell type, the median relative percentage abundance of transcript for measured genes, was calculated by the inverse of median Ct value of all samples and corrected by the efficiency of PCR amplification as previously reported [23] . This analysis was necessary to compare percentage mRNA abundance between genes in the same cell, since the PCR data were obtained by using a standard curve (relative quantification), which precluded a direct comparison in abundance among different transcripts.
Selection of Osteogenic and Adipogenic Genes
Transcript abundance of biochemical markers of bone turnover such as alkaline phosphatase (ALP), bone gammacarboxyglutamate (gla) protein (osteocalcin) (BGLAP), collagen type I alpha 1 (COL1A1), secreted protein acidic cysteine-rich (osteonectin) (SPARC), and secreted phosphoprotein 1 (osteopontin) (SPP1), were used to characterize the osteogenic differentiation of ADSC and BMSC. ALP is an early osteoblast marker as is SPARC, while BGLAP is characteristic of the late stages of osteoblastic differentiation [24, 25] . COL1A1 is the major extracellular bone protein [25] . SPP1 is responsible for the regulation of the formation and remodeling of mineralized tissue [26] .
Genes selected for the adipogenic differentiation were acyl-CoA synthetase long-chain family member 1 (ACSL1), adipose differentiation related protein (adipophilin) (ADFP), adiponectin (ADIPOQ), CD36 molecule (thrombospondin receptor) (CD36), CCAAT/enhancer binding protein (C/EBP) alpha (CEBPA), diazepam binding inhibitor (acylCoA-binding protein) (DBI), diacylglycerol O-acyltransferase homolog 2 (DGAT2), peroxisome proliferator-activated receptor gamma (PPARG), and stearoyl-CoA desaturase (delta-9-desaturase) (SCD). ADFP is a lipid droplet protein and it is considered an early marker of adipogenic differentiation [27, 28] . Adiponectin is almost exclusively secreted from adipose tissue and its gene (ADIPOQ) is under the control of CEBPA which activates its transcription and PPARG which inhibits it [29] . CD36 and ACSL1 are proteins implicated in free fatty acid influx [30] . CEBPA and PPARG coordinate adipocyte differentiation in vitro [31] . DBI responds to lipogenic transcription factors and is involved in lipid metabolism pathways [32] . DGAT2 and SCD are involved in triacylclycerol synthesis [33] . Features of the primer pairs for the14 selected differentiation gene markers and for the ICG are shown in Table S1 .
Image Analysis
Pictures (magnification 100 or 400 ) of ADSC and BMSC differentiated into osteogenic and adipogenic lineages were analyzed and pixels were measured using the image analysis program ImageJ (U.S. National Institutes of Health). Stained area was determined by using a color deconvolution algorithm [34] . Further details are reported in Suppl. Materials.
Statistical Analysis
Gene expression and outcome of image analysis were performed using a mixed model of SAS (release 8.0; SAS Inst.,Cary, NC) with repeated time. Spatial power was the most appropriate covariate structure for repeated measures analysis for the present experiment. The assessment of goodness of fit was performed using Akaike's Information Criterion. The model included fixed effect of time (dd) and cell type (ADSC and BMSC), and interaction dd cell type. Pig (n = 3) was considered a random variable. Before statistical analysis, data were assessed for normal distribution using proc univariate normal of SAS with Shapiro Wilk (W) and Kolmogorov-Smirnov (D) tests. Data were considered normal distributed when P-value of W and D were > 0.01. If data were no-normal distributed, log or square root transformations were used to obtain a P-value of W and D > 0.01. In graphs are shown LS-means from SAS and LS-means back transformed when used normalized data. Due to the impossibility of back-transforming the SEM from log-transformed data we decided to omit the SEM from the graphs. The comparison in mRNA abundance at dd 0 and number of CFU were analyzed by GLM model of SAS, with cell type as fixed effect and pig as random effect. Differences in relative expression were discussed when there was a time cell type interaction effect of P 0.05 and differences at each time point between cell types were considered significant when Pdiff 0.05.
RESULTS
Primary Culture and Colony Forming Unit
On the first day of culture, after cells were isolated from adipose tissue or bone marrow, the population consisted of round-shaped erythrocytes and non adherent cells. By day 2-3, cells adhered to the culture flask ( Fig. 1) , exhibiting a stretched out fibroblast-like shape, and non adherent cells were removed by medium exchange. On day 10 of culture, the cells were 60-80% confluent, organized in colonies, and presented a long-spindle-shaped fibroblast phenotype (Fig.  1) .
After 9 days of culture, from 25,000 ADSC plated 390 ± 0.02 (0.39 ± 0.02%; mean ± SEM) colonies were formed, and from 100,000 BMSC plated 70 ± 0.01 (0.07 ± 0.01%) colonies were formed.
Osteogenic Differentiation
On dd 0, ADSC were fibroblast-like cells (Fig. 2) . On dd 2 after the induction of osteogenic differentiation, cells were elongated but in a cubical-polygonal shape. On dd 4, some cells were oriented forming clusters. Until dd 4 cells did not stain positively by any histological staining method. On dd 7, multilayer colonies started to form and stained positively for Alkaline Phosphatase (Figs. 2 and 3) . Also calcification started as demonstrated by the presence of red nodules stained with Alizarin Red S, as well as yellowish-brown nodules stained with von Kossa (Figs. 2 and 3) . The cells that remained close to the nodules, but did not participate in the nodules formation, were still elongated and in monolayer with absence of positive staining. On dd 14, new clusters of cells started to form, while the nodules already formed increased numerically in size (Fig. S6 ) and became more defined. The cells surrounding the nodules were stained positively for Alkaline Phosphatase, while the cells farther from the nodules remained in monolayer and did not stain. On dd 21, we observed larger nodules compared to dd 7 (Fig. S6) , much more defined, and clearly stained positively for all 3 histological staining (Figs. 2 and 3) . On dd 21, we also observed nodules of new formation. On dd 28, the nodules reached, in average, a radius of > 37 M (Fig. S6) .
BMSC on dd 0 were fibroblastic-like cells (Fig. 4) . On dd 2, morphological changes occurred in some of the BMSC, which changed their shape from elongated to polygonal (Fig .   Fig. (2) . Morphological changes in ADSC during osteogenic differentiation in vitro. Panels are staining for (left to right): no staining, Alkaline Phosphatase (Alk. Phos.; cells with Alk. Phos. appear red), Alizarin Red S (positive cells containing calcium deposits appear red), and von Kossa (black areas are areas of calcium deposition). Panels are days of differentiation (top to bottom): undifferentiated (day 0), and days of differentiation 2, 4, 7, 14, 21, and 28. Passage 3 cells were induced to differentiate by osteogenic medium at ~ 80% confluence. Magnification is 100 for all the pictures except for dd 28 for all staining and dd 0 for Alkaline Phosphatase staining which are 400 . Biological replicates = 3. 4). On dd 4, most of the cells were polygonal and covered the whole bottom of the flask forming areas of densely accumulated cells. Until dd 4, cells did not stain positively for any of the histological stains. On dd 7, clumps of cells started to form, the deposition of calcium and presence of alkaline phosphatase was evident as they stained positively for Alizarin Red S and Alkaline Phosphatase (Fig. 3) . On dd 14, small opaque aggregates, covering the clusters of cells, were formed and were stained positively with Alizarin Red S and von Kossa, indicating areas of calcification (Figs. 3 and  4) . At the same time new clumps of cells started to form and the cells surrounding the aggregates were stained positively for Alkaline Phosphatase. On dd 21 and 28 the opaque aggregates tended to cover > 90% of the culture dish (Fig. 4) and were stained positively with Alizarin Red S and von Kossa (Figs. 3 and 4) . Mineralization was also easily visible to the eye due to the opacity of the bottom of the culture flask after dd 21.
Among the biochemical markers of osteogenesis, COL1A1 (30%) and SPARC (10%) resulted the most abundantly expressed genes (considering also the adipogenic genes) in both cell types (Fig. 5 top panel) . SPP1 percentage mRNA abundance was around 0.3-0.6%, while percentage mRNA abundance of ALP and BGLAP was remarkably low in both cell types (Fig. 5 top panel) .
Prior to osteogenic differentiation the relative mRNA abundance of all the genes was different between ADSC and BMSC ( Fig. 5 bottom panel) . Transcripts of COL1A1 and SPARC were more abundant in ADSC vs. BMSC, while mRNA of BGLAP and SPP1 was higher in BMSC vs. ADSC. ALP tended to be (P = 0.07) largely expressed in BMSC compared to ADSC (Fig. 5 bottom panel) .
The expression patterns of ALP, COL1A1, and SPARC were very similar between them and characterized by a biphasic pattern in the BMSC, with a rapid increase starting as soon as dd 2, a peak around dd 7 (except for ALP, which peaked at dd 4) followed by a nadir around dd 14 (Fig. 6) . In ADSC expression of these 3 genes increased through differentiation and followed the same pattern, with a peak in expression at dd 14. However, each of the 3 genes had a lower increase in expression in ADSC compared to BMSC. For SPP1 a decrease in expression was observed, for BMSC, during the first 4 days of differentiation, followed by an increase and a peak at dd 21. ADSC had a numerical decrease in expression of this gene at dd 2 and 4 followed by an increase with a peak at dd 21 (Fig. 6) . Transcription of BGLAP increased only in BMSC with a peak at dd 7, while it decreased in ADSC at dd 14 (Fig. 6). 
Adipogenic Differentiation
Morphological changes during adipogenic differentiation of ADSC and BMSC are reported in Fig. (7) . The image analyses of percentage of total stained area, percentage of differentiated cells (i.e. with lipid droplets), and percentage stained area in differentiated cell are reported in Fig. (8) .
As expected, ADSC on dd 0 did not stain positively for Oil Red O staining. On dd 2, ADSC changed their shape from elongated to flattened, polygonal, round or star-like, and began to grow in swirl patterns on the bottom of the flasks (Fig. 7) . At this time the accumulation of lipids also began as shown by the presence of cells with lipid droplets. On dd 4 the number of differentiated cells increased along with the accumulation of lipids in the cells (Figs. 7 and 8) .
The percentage of area stained per differentiated cell in ADSC increased rapidly by dd 2 and dd 4, then was reduced at dd 7 before increasing again by dd 14 (Fig. 8) . The percentage of differentiated cells increased linearly until dd 7, remained constant from dd 7 to dd 14, before increasing again between dd 14 and dd 21 (Fig. 8) .
BMSC on dd 0 were fibroblast-like cells, which did not stain positively for Oil Red O (Figs. 7 and 8) . After dd 2, BMSC changed their shape from elongated to polygonal, round or star shaped. Even though morphological changes were seen, there was no accumulation of fat droplets, which was confirmed by the absence of Oil Red O staining (Fig. 8) . On dd 4, accumulation of fat droplets was observed in a few cells (around 8% of differentiated cells), which already had accumulated a large number of small lipid droplets (> 4 M 2 of stained area/differentiated cell; Fig. 8) . Between dd 4 and 7 the percentage of differentiated BMSC did not increase, but a large increase was observed between dd 7 and dd 14 ( Fig. 8) . Temporal increase in lipid droplets formation and increase in percentage of differentiated cells continued through dd 28 in BMSC (Fig. 8) . However, the magnitude of lipid accumulation per differentiated cell (i.e. M 2 stained area/differentiated cell) was lower in BMSC compared to ADCS until dd 21. At dd 28 no differences were observed but there was a lower percentage of BMSC differentiated in adipocytes compared to ADSC (Fig. 8) .
Among the lipogenic genes measured, SCD ( 6% mRNA among all measured genes) and DBI ( 2.5%) were the most abundant in both cell types, while ADIPOQ and DGAT2 were the least abundant (Fig. 5, top panel) .
The relative mRNA abundance of all the lipogenic genes at dd 0 was similar between the ADSC and BMSC, except for the transcription factors PPARG and CEBPA (Fig. 5,   Fig. (5) ]. Bottom panel: relative mRNA abundance at differentiation day 0 in ADSC and BMCS (i.e. prior to differentiation; n = 3 for each cell type). mRNA abundance was obtained using the 7-point standard curve (see Materials and Methods). Superscripts denote:
#,# P < 0.10 between cell types; a, b is P < 0.05 between cell types. a is used for significantly lower values, while b is used for significantly higher values.
bottom panel). Expression of PPARG was higher and CEBPA was lower in BMSC compared to ADSC. DGAT2 tended to be largely expressed in BMSC compared to ADSC (Fig. 5, bottom panel) .
During the adipogenic differentiation, ACSL1, SCD, DBI, and ADIPOQ had analogous temporal expression patterns among the two cell types, with a significant increase after dd 4 (Fig. 9) . Expression patterns of ADFP and CD36 increased as soon as dd 2, and were elevated throughout differentiation in both cell types; however, ADSC had a higher expression of these genes compared to BMSC (Fig. 9) . The mRNA expression of DGAT2 increased for both cell types after dd 4, with a larger increase in ADSC vs. BMSC at dd 14 and 28. The temporal increase in expression of CEBPA was remarkably higher for all the time points in BMSC compared to ADSC, and the opposite was observed for PPARG (Fig.  9) . When normalized data nontransformed as a fold change were considered, it was evident that BMCS had more relative mRNA for PPARG and lower mRNA for CEBPA throughout differentiation (Fig. S5) , despite the lower fold change in expression of PPARG and the greater fold change in expression of CEBPA.
DISCUSSION
The goal of this study was to provide a morphological and transcriptomic comparison of porcine ADSC and BMSC as they differentiated in vitro towards the osteogenic and adipogenic lineages. By comparing ADSC and BMSC, the present study aimed to examine the possibility of using ADSC as an alternative source of stem cells for therapeutic purposes in humans. In fact, adipose presents several advantages vs. bone marrow as tissue source. Compared to bone marrow adipose tissue has a larger number of stem cells, it is much more abundant in the body, and it is easy to harvest without leaving post-surgical deformities [35] . a is used for significantly lower values, while b is used for significantly higher values. Overall time effect was significant (P < 0.05) for all genes; overall cell type effect was significant (P < 0.05) for all genes except SCD and tendency was observed for ACSL1 (P = 0.06) and ADIPOQ (P = 0.06); overall time cell type effect was significant (P < 0.05) for ADFP, CD36, CEBPA, DGAT2, and PPARG. Biological replicates = 3.
In this study, porcine adult stem cells harvested from both bone marrow and adipose tissue were able to attach to tissue culture dishes and form adherent colonies in vitro. The number of CFU in BMSC (0.07 ± 0.01%) was much lower than the number of CFU in ADSC (0.39 ± 0.02%). In humans, Kern et al. obtained 0.05% CFU in ADSC and 0.008% CFU in BMSC [36] . The larger number of CFU that we obtained, in both cell types, may be due to species differences. Moreover, the age of the pigs used in the present study (6 months) and the age of the patients (44-84 years) in the study of Kern et al. might have influenced the relative number of CFU obtained from the BMSC. In fact, the number of adherent BMSC cells, and consequentially the number of CFU, decreases with increasing age [37] . Furthermore, in the present study the cells were recovered from the femur of the animals and not aspirated from the iliac crest as it was done in some of the patients in Kern et al. [36] .
Osteogenic Differentiation
Both ADSC and BMSC differentiated along the osteogenic lineage albeit with some differences. During the first 4 days of differentiation, both cell types went through the same morphological changes, which started as early as dd 2 (Figs. 2 and 4) . However, from dd 7 the two cell types had different morphological changes. Concomitantly, accumulation of calcium started, initially higher in ADSC compared to BMSC, but as differentiation progressed, it became greater in BMSC (Fig. 3) . The increase in expression of most osteogenic genes was observed, as early as dd 2 (i.e. ALP), in both cell types and they had greater expression in BMSC vs. ADSC, except SPP1 (Fig. 6) .
At dd 2 morphological changes were also seen in human [37, 38] , chicken [39] , and rat cells [40] . However, our results differ from what was seen in porcine ADSC by Qu et al. [41] , where morphological changes in the cell structure were observed only after 5 days in culture. In the present study, in addition to the visual observation of the cells, we measured the relative mRNA abundance of specific osteogenic genes by RT-PCR during the entire differentiation. This allowed us to identify the onset of osteogenic differentiation to be as early as dd 2 in ADSC (i.e., ALP expression), which supports the earlier morphological changes seen in our study compared to the one of Qu et al. Staining of the ADSC was observed after two weeks of osteogenic induction in the Qu et al. study. In the present study, cells started the mineralization (i.e. evidence of staining) by 1 week of induction (Fig. 3) . This also is supported by the large change in expression of the osteogenic genes that we observed in both cell types after dd 4.
For both ADSC and BMSC, the osteogenic differentiation did not happen at the same moment for all the cells, but progressively involved an increasing proportion of cells. This is an important observation because it points out that only a portion of the cells were induced to differentiate during the first days of osteogenic differentiation, while most cells needed about 2 weeks to initiate differentiation. We can speculate that both ADSC and BMSC had cells with a different sensitivity to the osteogenic medium, and we can envisage a process in which the cells that reached differentiation stimulated other cells to differentiate.
The difference in morphology, observed between the two cell types during osteogenic differentiation, is of particular interest. Large osteogenic nodules were formed by ADSC in contrast to a sheet of small osteogenic nodules which were generated by BMSC during the osteogenic differentiation. It is possible that the two cell types, in accordance with their tissue of origin (adipose tissue or bone marrow), are committed to generate different types of bone. In this regard, it is known that there are two main categories of bone: spongy bone (trabecular bone, cancellous bone) and compact bone (cortical bone). Spongy bone is composed of a network of branching bone spicules or trabeculae. The spaces between the bone spicules contain bone marrow. Compact bone appears as a mass of bony tissue lacking spaces visible to the unaided eye. We might speculate that the ADSC may have a commitment to form spongy bone, while BMSC may have a commitment towards the formation of compact bone. However, our findings require further investigation and elucidation of a potential mechanism for these differences.
The different morphological organization of the two cell types might have influenced the higher percentage stained area of BMSC vs. ADSC after dd 7. In fact the method used for the measurement of the stained area had some limitations. ImageJ program cannot account for areas of different color intensity, which parameter was very important for the quantification of ADSC osteogenic differentiation. In fact, once the ADSC nodules started to form, they were recruiting more and more cells through time, which were accumulating on top of each other. For this reason, the increase in diameter of the nodules was probably minor compared to the increase in nodule hight. Moreover, during the first two weeks of the osteogenic differentiation new nodules continued to form, so that by day 28, besides the large defined nodules, there were few nodules of new formation, which could be in the area we randomly sampled for our measurements.
The difference in the positive histological staining in BMSC vs. ADSC observed at dd 7 (Fig. 3) , suggests a delay in the BMSC osteogenic differentiation compared to ADSC. Our finding is in accordance with Ringe et al., where porcine BMSC did not show positive staining for Alkaline Phosphatase and von Kossa until day 12 of osteogenic differentiation [42] . However, the up regulation of ALP, COL1A1, and SPARC earlier and higher in BMSC compared to ADSC (Fig. 6) , apparently seems to be in discord with the results from the osteogenic histological staining. In fact, since the percentage of stained area of Alkaline Phosphates and Alizarin Red S at dd 7 was higher in ADSC vs. BMSC, we would expect an earlier increase in expression of the osteogenic markers (ALP, COL1A1, SPARC, BGLAP, and SPP1) in ADSC than BMSC. Nevertheless, our results are in accordance with Peng et al., who showed that qPCR analysis of ADSC and BMSC from SD rats, during osteogenic differentiation, resulted in an up-regulation of osteogenic markers, such as COL1A1 and BGLAP, in BMSC well ahead of ADSC [43] . An explanation for the discordance between gene expression and staining data is not apparent; however, we can infer that the increase in expression of osteogenic genes, in BMSC, was not readily translated into proteins, or that post-translational mechanisms were at play. Another possible explanation is that during the first days of osteo-genic differentiation in BMSC, the nodules were too small and diffuse to be detected by the staining, while in ADSC the few nodules were more aggregated and easily detectable.
Overall, the increase in ALP, COL1A1, SPARC, and SPP1 in both cell types is of biological significance since those proteins are characteristic of onset of osteogenenic differentiation. They are important during matrix deposition [44] [45] [46] . In general, COL1A1 is one of the earliest osteoblasts markers to be up-regulated in committed osteoprogenitors, and it seems to influence the expression of ALP and SPP1 [46] . ALP increases in early osteogenic differentiation in osteoprogenitors, then decreases when mineralization has well progressed [46] . Our results are consistent with these previous findings. SPP1 is involved in calcium binding ions and hydroxyapatite during the mineralization process [24] . Interestingly, it was down-regulated at the beginning of the differentiation, in both ADSC and BMSC, when the processes of matrix deposition were occurring, but then its expression increased, perhaps because the mineralization of the matrix began. BGLAP is a marker of mature osteoblasts and appears with bone mineralization [25, 46] . In the present study, indeed, BGLAP was minimally expressed during the first days of differentiation in BMSC and then increased rapidly to reach a peak at dd 7 when bone mineralization began, as evidenced by staining analysis (Fig. 3) . However, the same gene in ADSC did not increase during the osteogenic differentiation. Together with the percentage of area stained observed for Alizarin Red S and von Kossa in ADSC, these data suggest a lesser mineralization of bone matrix and calcium deposition in this cell type compared to BMSC.
Adipogenic Differentiation
In the present study we observed that both ADSC and BMSC differentiated along the adipogenic lineage, although there were some differences.
The overall morphological observation of ADSC and BMSC, which had differentiated into adipogenic cells, clearly revealed the typical phenotype of adipocytic cells with a coalescence of small lipid droplets to fill the whole cytoplasm of single cells. Two days after induction, ADSC and BMSC changed from fibroblast-like cells to polygonal, round, and star shaped. ADSC not only had morphological changes, but fat droplet formation was observed. This is similar to the observations from the study of Qu et al., where by day 2 of adipogenic differentiation in porcine ADSC, the first cells that were filled with lipid droplets appeared [41] .
In this study, the first lipid droplets in BMSC were observed at dd 4, whereas in Zou et al., [47] the formation of the first lipid droplets in pig BMSC was observed at day 7. The different temporal response of the BMSC in the Zou et al. study may be due to the differentiation medium used, which was basal media supplemented only with dexamethason, while in our case, the medium was enriched also by isobutylmethylxanthine, insulin, and indomethacin. Among those isobutylmethylxanthine and insulin are essential for PPARG activity [48, 49] . The increase in activity of PPARG can drive large accumulation of lipid droplets due to its strong induction in expression of lipogenic genes [50] . This also is evident in the temporal transcription results of the adipogenic genes measured in the present experiment (Fig.  9) . Moreover, the time of appearance of the first lipid droplets in BMSC, observed in our experiment, is similar to the time reported by Bosch et al. [51] who used the same cell type and animal species. However, in Bosch et al., the number of BMSC with lipid accumulation and the size of the lipid droplets increased until days 8-9 and then reached a plateau (days 12-14) [51] , while in our study the dynamics of time of lipid accumulation and increasing size of lipid droplets was quite different. In fact, the number of cells with lipid accumulation and the size of lipid droplets, in both cell types, increased through time until the end of the 4 weeks (Fig. 8) . As observed before for the osteogenic differentiation, this is interesting because it suggests that the adipogenic differentiation, for both cell types, did not happen simultaneously in all the cells, but rather occurred gradually and involved more and more cells. Only part of the cells differentiated during the first days of adipogenic differentiation, while most of the cells needed as much as 2 weeks to initiate differentiation. We can speculate that both ADSC and BMSC had cells with a different sensitivity to the adipogenic medium, and we can speculate a process in which the cells that reached differentiation stimulated other cells to differentiate.
All the measured genes were markers of adipogenesis, some of the adipogenesis per se (i.e., PPARG and CEBPA), and others of lipogenesis and lipid droplets formation (i.e., DGAT2 and ADFP). All those genes increased significantly in both cell types, which thing strongly supports a differentiation in adipocytes of both mesenchymal stem cells. Most of the adipogenic genes had a similar expression pattern between the two cell types, especially during the initial days of the differentiation (dd 0 through dd 7; Fig. 9 ). The high increase in expression patterns of CD36, ACSL1, and DBI observed suggests a large influx, activation, and intracellular transport of free fatty acids during adipogenesis in both cell types. The expression of SCD, DGAT2, and ADFP, genes involved in triglyceride synthesis and lipid droplets formation, increased significantly in both cells during adipogenesis. However, after 7 days of differentiation, the expression patterns of DGAT2 and ADFP became greater in ADSC versus BMSC, suggesting a greater lipid droplet formation in the former, which agreed with observed accumulation of triglycerides measured by Oil Red O histological staining in ADSC.
One interesting observation was that of lipid droplet formation, already evident at dd 2 in ADSC, while in BMSC they were detectable only from dd 4 despite very similar relative mRNA abundance at dd 0 (Fig. 5) , and a similar increase in expression of almost all the lipogenic genes measured during early differentiation (i.e., until dd 7; Fig. 9 ). One exception was CD36 which had a greater increase in expression in ADSC compared to BMSC, at the beginning and throughout all the differentiation, suggesting that the uptake of preformed fatty acids is crucial for lipogenesis and adipocyte maturation.
The ADIPOQ expression pattern is indicative of mature adipocytes, and the high similarity among the two cell populations for the expression of this gene, underlines a similar capacity to differentiate towards adipocites for both ADSC and BMSC.
It has been clearly demonstrated that CEBPA is expressed just before the transcription of most adipocyte-specific genes is initiated [50] , as well as PPARG is induced concomitantly with and prior to the transcriptional activation of most genes involved in lipogenesis [50] . In this regard, it is interesting that the temporal expression of CEPBA and PPARG was characterized by a sharp, large increase as soon as dd 2, which also occurred before the increase in expression of the other lipogenic genes in the present study (Fig.  9) . Previous findings have proved that CEBPA is both required and sufficient to induce adipocyte differentiation [52, 53] . PPARG is the most adipose-specific of the PPAR isoforms. It is expressed at the highest levels in adipose tissue and adipocyte cell lines, and at low levels, or not at all, in other tissues and cell lines [54, 55] . Moreover, CEBPA and PPARG cooperate in inducing the expression of many adipocyte-specific proteins implicated in generating and maintaining the adipocyte phenotype [56, 57] . In the present study, the greater relative mRNA abundance of PPARG in BMSC, compared to ADSC (Fig. 5) , was partly unexpected since transcripts of PPARG are abundant in adipocytes and we would have hypothesized a higher expression in ADSC due to the tissue of origin. Moreover, the induction in expression measured as fold change of PPARG and CEBPA was different between the two cell types. The larger temporal increase in expression was observed in both cells for the genes with original (i.e., dd 0) lower mRNA abundance (Figs. 5 and 9 ). This differential expression allowed obtaining a similar mRNA abundance of the two genes, in both cell types, during adipogenesis. Overall our data are supportive of a cooperation between CEBPA and PPARG during adipogenesis as previously reported [50] .
CONCLUSION
In conclusion, despite the ability of both cell types to differentiate towards the osteogenic and adipogenic lineages, our observations revealed specific morphological and transcriptomic differences between ADSC and BMSC. Nevertheless, those differences might be overcome by a better control of the differentiation process. The possibility of using ADSC as a substituted of BMSC for human therapies requires a better understanding of the molecular events underlining the differentiation steps. In this regard, evaluation in more details of molecular mechanisms controlling differentiation using high throughput transcriptomics by microarrays and other cellular measurements, such as migration capacity, can provide new insights. Finally, our findings require further investigation and elucidation.
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